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I. INTRODUCTION

The development of hard X-ray (E>10 keV) photon diagnostics is important to both
the research and eventual application of high-energy density (HED) plasmas on account
of their ability to extract information from the plasma production site despite the high
density of the system. Existing diagnostics generally operate in a transmission geometry,
e.g. transmission crystal spectrometers' and Ross-filter pairs.?2 The former provides excellent
spectral resolving power, but has low throughput, while the latter allows higher throughput
with limited resolving power. In this paper we demonstrate an alternative approach utilizing
multilayer optics, which operate in reflection geometry. The reflection geometry allows
a significantly higher throughput to be achieved, while retaining good spectral resolving
capabilities over a tunable energy range. These features are very valuable for a number of
HED studies where signal collection efficiency is important. Examples include intense laser-

plasma interactions®, high-energy backlighter development for inertial confinement fusion?,

Compton radiography® and gamma emissions from nuclear processes.’

Hard X-ray multilayer optics have seen increasing use over the last few decades as de-
position and characterization techniques have improved and the scientific user base grown,
particularly driven by the synchrotron and astrophysics communities, and recently by nu-
clear safeguards applications.” At synchrotron light sources, multilayer coatings are enabling
components of ultra-high resolution gratings for spectrometry, and can achieve nano-focusing
when used in either diffractive (multilayer Laue lenses) or reflective geometries.® Multilayers
also recently enabled the first space-borne focusing optics above 10 keV, carried on-board
the NASA NuSTAR satellite,” providing important new insights into the evolution of our
Universe.'%'2 Within the last few years multilayer mirrors reflectivity has been shown to
be efficient and well-understood up to 645 keV'3* demonstrating that focusing multilayer

optics operating close to the MeV range are feasible.

Based on these developments, we deployed a multilayer optic as a novel diagnostic for
a laser-plasma interaction experiment at the Jupiter Laser Facility (JLF) at Lawrence Liv-
ermore National Laboratory, selectively passing X-rays in the 55-100 keV photon energy
range. The data is shown to match predictions based on a simple multilayer response model

and the potential for use at higher energies is discussed.



II. MULTILAYER OPTICS

A multilayer optic relies on constructive interference in the multilayer structure to ef-
ficiently reflect radiation at grazing incidence angles greater than the critical angle. In
the X-ray energy regime the critical angle describes the angle below which total external
reflection occurs.'*'® The multilayer structure is typically made up of N number of bilay-
ers, each bilayer consisting of a layer of high-Z (absorber) and a layer of low-Z (spacer)
materials as illustrated in Fig. 1. The electron-density contrast between the absorber and
the spacer governs the efficiency of the constructive interference. The theoretical efficiency
can be significantly degraded by imperfections in the interfaces between individual layers,
i.e. interdiffusion and roughness. For the present work, the Fresnel equations including
Névot-Croce factors!® are used to calculate the multilayer response, but for an intuitive

understanding of multilayers, the allowed reflections can be approximated using Bragg’s law

nA = 2dsin(0p) (1)

From Eq. (1), radiation of wavelength A is specularly reflected by a multilayer with
bilayer period thickness d when impinging at a grazing incidence angle 6. Only the first
order reflection (n = 1) is relevant to this work as higher order reflections have > 10% times
lower efficiency. Coupled with fewer short wavelength photons and lower detector sensitivity
the higher order signal is many orders of magnitude below background.

One of the major strengths of the multilayer is that the design can be tailored to the
intended application. For a narrow band-pass filter a single period d is used for all N bilayers
(Fig. 1), while a broad passband can be achieved by depth-grading d during multilayer
deposition, i.e. creating overlapping Bragg reflections. The latter was used to achieve high
broadband efficiency for the NuSTAR optics.!” Multilayers can furthermore be designed to
increase throughput in multiple specific bands or to compensate for undesirable experimental
artifacts, such as beam divergence.

A tungsten carbide (WC)/silicon carbide (SiC) multilayer mirror with N = 300 and
nominal period thickness d = 15.2 A was used for this work. The WC/SiC multilayer
coating was deposited by DC-magnetron sputtering on a 150x150 mm? super-polished fused
silica substrate. The mirror has been extensively characterized using 0.8-8 keV X-rays and

its response has been measured at photon energies up to 645 keV.'3? ?



FIG. 1. A N = 5 multilayer with period d. Incident radiation (red) is reflected according to

Bragg’s law (Eq. (1)) for a given grazing incidence angle 6p.

For the photon energy range investigated in this work the intrinsic bandpass of the mul-
tilayer is <1% (FWHM). Factors associated with the experiment, such as source parameters
(size and intensity profile) and the geometry of the setup (mirror length, collimators and dis-
tance between components) will in most cases broaden the passed band beyond the intrinsic
value. The parameters relating to the setup and the mirror are known for the experiment
and as a result the modeling will be sensitive to the source size, intensity and spectral con-
tent. In this work, a line source with spatially uniform intensity and energy distribution is
assumed. A more complex source would act to weigh contributions from different sections
of the mirror. The impact on the response is a second order effect. The photon spectra
used as input in our model were simulated with the Geant4 Monte Carlo code!® assuming a

Maxwellian input electron distribution with 7j,,; = 6.0 MeV incident on the target.

Fig. 2 shows the predicted response of the multilayer mirror for a gold (Au) target in the
experimental setup described in the next section. The output for both a 200 and 500 pm
line source is shown to demonstrate the sensitivity to source size. The broadening of the
characteristic X-ray lines is apparent, as is the suppression of the out-of-band response. The
response is calculated using custom-written software and the software package IMD'®. The
software takes the beam divergence and source size into account, and assumes the mirror
is at a nominal angle g given by Eq. (1). The nominal angle is tuned to match the X-ray

energy (E = hc/\) of interest during the experiment.
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FIG. 2. Predicted response with the optic aligned to favor Au-K,, (E = 68.806 keV). The simulated

input spectrum is shown in inset.

11I. EXPERIMENT

This experiment was conducted at the JLF using the Titan short pulse laser system. A
1054 nm, 10 ps laser pulse with laser energy 250-280 J at the target was used. The laser pulse
interacts with the front target surface plasma accelerating electrons to relativistic energies of
several MeV.' The electrons in turn generate characteristic X-rays and bremsstrahlung as
they stream through the target material. The laser was focused to 15 ym FWHM, measured
in vacuum at low intensity, by an f/3 parabolic mirror. Thick (0.5-1.0 mm), high-Z targets
of tantalum (Zr, = 73), tungsten (Zy = 74), gold (Z4, = 79), and uranium (Zy = 92)

were irradiated with a laser intensity of roughly 1.6 x 10 W/cm?.

The experimental setup is outlined in Fig. 3. The multilayer mirror was situated immedi-
ately outside the Titan vacuum chamber. A 1 mm wide mirror collimator limits the incident

radiation to a maximum beam divergence of 0.08°, essentially acting as a high-pass photon
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energy filter, preventing very divergent, low-energy photons from being reflected. The finite
length of the mirror and size of the source result in the mirror’s photon energy band-pass
increasing to about 6% at 60 keV and 10% at 100 keV.

The mirror angle relative to the line of sight (LoS) between the detection plane and the
target chamber center (TCC), where the target is installed, was monitored and kept within
20" of the desired value throughout the experiment using a high-precision digital auto-
collimator. This angle corresponds to fg in Eq. (1) and was adjusted prior to each shot
so that the mirror’s photon energy bandpass was centered at the K,, line for the relevant
target material. The broadened photon energy bandpass is sufficient to pass the entire K,
line complex.

In the detection plane, Fujifilm BSA-MS image plates were mounted in a lead (Pb)
enclosure. The image plates were read out by a calibrated Fuji-FLA-7000 scanner.?

Pb collimators were installed between the multilayer mirror and the image plate detector
to reduce background originating from the laser-induced high energy (>MeV) radiation. In
addition to collimators, several in-line filters were installed between TCC and the image
plate, including a 1.0 T magnet to sweep away energetic electrons emitted from the target
inside the vacuum chamber, a 500 pm thick Be window on the chamber and a 3 mm Al plate.
Low energy photons were further attenuated by close to four meters of air separating the
source from the detector. The filters are essential to keep background low in the detection
plane and to filter out photons undergoing total external reflection.

To relate results from the new diagnostic to established laser-plasma diagnostic tools a
crystal spectrometer was also deployed, as shown in Fig. 3. The Laue transmission crystal

spectrometer,!

or Gamma Crystal Spectrometer (GCS) uses a 400 pm thick, cylindrically
bent germanium (220) crystal with a radius of curvature of 965 mm covering the X-ray
energy range 50-300 keV. The GCS was positioned inside the target chamber at a glancing
angle of 3°. X-rays diffracted by the crystal passed through a 2.5 cm tungsten crossover slit

and 1.5 mm of aluminum filtering before reaching the image plate detector.

IV. RESULTS AND DISCUSSION

Images from four laser shots are shown in Fig. 4. Line structures are apparent in each

image, confirming that the mirror selectively reflects both K,, and K,,. The K,, line does
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FIG. 3. Outline of multilayer mirror and GCS setup for Titan experiment. High-energy collimators

and low-energy inline filters are not shown.

not feature prominently on account of its much lower relative intensity. The line structures
are more readily observed when collapsing the data to line plots, as shown in Fig. 5. The
figure includes data from the GCS diagnostic for comparison. The best GCS data acquired
in this campaign were selected for the comparison. Although U-K,, lines were not observed
with the GCS, a data set is plotted for completeness. The multilayer data indicates a weaker
U line complex, confirming that the characteristic X-ray production from U dropped below
the detection limit of the GCS. In general the multilayer response is more than an order
of magnitude above background, whereas the best GCS data is at most two times higher.
Previously reported GCS studies achieved signal-to-noise ratios up to five at 43 keV.%!

The line plots show the data sorted into nominal energy bins whose value is derived for
each horizontal pixel (Fig. 4) using Eq. (1) and assuming a nominal multilayer period. 0p
is found from the displacement between LoS and the pixel in question.

While Fig. 4 and Fig. 5 demonstrate the capability of the multilayer optic to selectively
reflect part of the incident photon spectrum, the displayed data does not immediately provide
information about the source. To achieve this the model demonstrated in Fig. 2 is used again.
The IMD software outputs the reflectivity of the mirror as a function of angle and energy and
the custom IDL software propagates the output to the detector plane where it is re-binned

to nominal energy bins. The result is shown in Fig. 6. A line source with uniform spectral
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content and intensity was assumed using simulated spectra (Fig. 6 insets). The length of
the line source was adjusted for best fit, and the estimated source size was found to vary
from 350 to 400 pm depending on the target material. The estimated size matches previous
findings.?

It is worth noting that the experimental setup used can also reflect photons at higher
energies. However, estimates indicated that low photon flux and image plate sensitivity
above 200 keV would prevent the reflected signal from being observable above the readout
noise of the scanner. This was confirmed with several trial shots with the mirror aligned
to reflect 200 and 511 keV photons. Several orders of magnitude improvement in signal-to-
noise ratio is advisable for such measurements, e.g. through greater collection area (nested
multilayer optic), a detector with higher sensitivity or increased photon flux. When moving
to these extreme grazing incidence angles, it is important to keep in mind that total external
reflection will become an increasingly important noise component. As an example, the
critical angle at which Au-K,, undergoes total external reflection is approximately 0.042°
which is comparable to the grazing incidence angle for 511 keV photons (refer to Eq. (1)) in
this experiment. Coupled with the image plate’s higher sensitivity to lower energies and the
increased intensity of the K, signal significant filtering is necessary. For the 511 keV trial
shots carried out here a 0.5 mm Ta filter was used, attenuating < 100 keV photons by more

than 98% at a cost of 10% of the 511 keV signal.

V. SUMMARY

An X-ray photon diagnostic based on reflective multilayer optic technology was tested
during a laser-plasma experiment conducted at the JLF. The K, line complexes of four
high-Z materials (Ta, W, Au and U) were preferentially reflected and successfully detected.
Comparisons to data acquired with a transmission crystal spectrometer showed an order
of magnitude improvement in signal-to-noise ratio for the multilayer optic. The improved
efficiency enabled detection of the U-K, line complex, demonstrating how a multilayer-
based optic may supplement or replace existing diagnostics in photon-starved experiments
where good spectral resolving capabilities are required. The multilayer data was successfully
modeled showing that the technique can provide detailed information about the source.

This successful proof-of-concept test, combined with other work having demonstrated
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FIG. 4. 60x90 pixel? sub-selections of the image plate readout showing the reflected beam for each

of the four target materials. The pixel size for image plate scans was set to 100 pum.

that the multilayer optic technology is applicable up to at least 645 keV, sets the stage for
attempting to detect the 511 keV electron-positron annihilation line. Challenges associated
with this task include finding a suitable detector and increasing the collection area, e.g.

through the design and construction of a more complex, nested multilayer optic.
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FIG. 5. Flattened image data from the multilayer and GCS diagnostic tools. Fig. 4 images were
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